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Abstract 

Tobacco-specific nitrosamines are a group of carcinogens formed from 
nicotine and related tobacco alkaloids. Two of these compounds, 4-(meth- 
y[nitrosaminD|-l-(3-pyridyi)'l-butanone (NNK) and N'-nitrosanornico- 
tine, art believed to be involved as causative agents forcancers of the lung, 
oral cavity, esophagus, and pancreas associated with the use of tobacco 
products. The goal of the studies described here is to develop biomarkers 
which will allow us to understand the uptake, metabolic activation, and 
detoxification of these carcinogens in humans. Two metabolites of NNK, 
4-(methylnitrosamino)-t-(3-pyHdyl)-t-butanol and its glucuronide, have 
been identified and quantified in human urine. These metabolites allow 
assessment of NNK uptake in smokers, tobacco chewcrs, and people 
exposed to environmental tobacco smoke- NNK and iV'-nitrosonornicotine 
form hemoglobin and DNA adducts upon metabolic activation by a-hy- 
droxylation. These adducts release 4-hydroxy-l-(3-pyridy!)-l-6utanone 
(HPB) upon hydrolysis. The released 4-hydroxy-l-(3-pyridyl)-i-butanane 
can be quantified by gas chromatography-mass spectrometry. A subset of 
smokers and most tobacco chewcrs have hemoglobin adduct levels which 
are higher than detected in nonsmokers. 4-Hydroxy-l-(3-pyridyi)-l-bu- 
tanone-releasing DNA adducts are higher in lung tissue from smokers 
than from nonsmokers. These data indicate that some smokers and to¬ 
bacco chewers are capable of metabolicallv activating NNK orN'-nitroso- 
nornicotfnc to intermediates which bind to cellular macromolecules and 
are, therefore, at potentially higher risk for cancer development. The 
application of these biomarkers to studies on cancer induction by tobacco 
products is discussed. 

Introduction 

Tobacco products are responsible for a significant proportion of 
human cancers. Recent estimates indicate that cigarette smoking 
causes approximately 80-90% of lung cancer in the United States, 
60-90% of oral cancer, 70-80% of esophageal cancer, 80-90% of 
larynx cancer, 30% of pancreatic cancer, 40—50% of bladder cancer, 
10-50% of kidney cancer, and 30% of cervical cancer (1, 2). The use 
of oral snuff is a cause of oral cancer in the United States, and various 
other tobacco chewing practices have been associated with oral cancer 
induction in other parts of the world (3). 

At least 40 carcinogens have been identified among the constituents 
of cigarette smoke (2, 4). These include PAH, - ’ aromatic amines, 
aldehydes, alkenes, metals, and nitrosamines. The tobacco-specific 
nitrosamines, derived from tobacco alkaloids, are the most prevaient 
of the nitrosamines in cigarette smoke. Two of the tobacco-specific 
nitrosamines. NNK and NNN, are carcinogenic in rats, mice, and 
hamsters (2-6). There are fewer carcinogens in the unburned tobacco 
products used for snuff and chewing tobacco (3). NNK and NNN are 
the strongest carcinogens which have been identified in these prod- 
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uctSy and their concentrations are relatively high* in the I-1Q0 ppm 
range (3). 

The role of specific carcinogens in the induction of cancers asso¬ 
ciated with tobacco use is somewhat difficult to evaluate because of 
the complexity of tobacco products. It is unlikely that any single 
carcinogen or group of carcinogens is solely responsible for specific 
cancers caused by smoking and other forms of tobacco use. However, 
an evaluation of the available data including levels of carcinogens in 
tobacco products, their carcinogenic potencies in laboratory animals, 
and evidence for their metabolites and adducts in tissues and body 
fluids of people who use tobacco products, leads to the conclusion that 
NNK and/or NNN are at least partially responsible for cancers of the 
lung, oral cavity, esophagus, and pancreas (7, 8). Animal carcino¬ 
genicity studies have demonstrated that NNK has a high degree of 
organoselectivity for induction of lung tumors in rats, mice, and 
hamsters independent of the route of administration (6). The total 
doses required to produce lung tumors in rats are approximately the 
same as the total doses to which smokers are exposed in a lifetime of 
smoking, based both on the levels of NNK in cigarettes and the levels 
of its metabolites in smokers’ urine as described below. NNK and one 
of its major metabolites, NNAL, are the only tobacco constituents 
known to induce acinar and ductal pancreatic tumors in rats (8, 9). 
NNK in combination with ethanol is a transplacental pancreatic car¬ 
cinogen in hamsters (10), NNN is the most prevalent esophageal 
carcinogen in tobacco smoke (7). A mixture of NNK and NNN, 
swabbed in the rat oral cavity for 2 years, induced a significant 
incidence of oral cavity tumors (7, II). The total dose used in this 
experiment was comparable to the total dose of NNK and NNN to 
which snuff dippers are exposed, in an extreme example of exposure 
to these carcinogens, users of toombak, a Sudanese snuff product, are 
exposed to levels of NNK and NNN in the range of 1 mg per day (12). 

The relatively high levels of exposure to carcinogenic tobacco- 
specific nitrosamines support the hypothesis that they are important in 
human cancers caused by tobacco products. Analysis of mutations in 
Ki-ras and p53 genes isolated from human tumors has been examined 
as one way of implicating specific carcinogens as causative agents. 
Approximately 24% of human lung adenocarcinomas have mutations 
in codon 12 of the Ki-ros oncogene (13). G to T transversion muta¬ 
tions predominate, leading to the proposal by some investigators that 
the observed mutations may be due to PAH. NNK causes mainly G to 
A transition mutations in the Ki-roi oncogene isolated from lung 
tumors induced in mice and hamsters (14, 15). However, recent 
studies have shown that 4-{acetoxymcthylnitrosamino)-l-(3-pyridyl)- 
1-butanone, which pytidyloxobutylates DNA through intermediate 18 
of Fig. 1, causes G to T transversions in codon 12 of the Ki -ras 
oncogene (16). As discussed below, DNA pyridyloxobutylation is 
observed in human lung as a result of exposure to both NNK and 
NNN and thus may contribute to the observed G to T mutations. 
Studies carried out on mutations in the p53 gene isolated from human 
lung tumors have shown a variety of changes, among which are 
substantial percentages of G to T transversions and G to A transitions 
(17, 18). G to T transversions could arise from a number of com¬ 
pounds in tobacco smoke including PAH, tobacco-specific nitro¬ 
samines, aromatic amines, aldehydes, and compounds which induce 
oxidative damage in DNA. The attempt to link mutations in Ki-ms 
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Fig. L Metabolism of NNK and NNN in rodents and primates. 


and p53 genes isolated from human tumors to specific carcinogens 
may be premature in the absence of more complete data. 

Appropriate biomarkers represent a more specific approach to as¬ 
sessing relevant biochemical damage produced by specific carcino¬ 
gens. In this paper, we summarize our work on biomarkers of tobacco- 
specific nitrosaminc uptake and metabolic activation. The biomarkers 
being investigated are urinary metabolites, hemoglobin adducts, and 
DNA adducts. Urinary metabolites will allow us to estimate the 
uptake of tobacco-specific nitrosamines and may give a profile of 
metabolic activation and detoxification reactions. Hemoglobin ad¬ 
ducts and DNA adducts will indicate the levels of metabolicaily 
activated intermediates which can reach cells and may give an indi¬ 
cation of internal dose or biologically effective dose. 

Urinary Metabolites of NNK 


Known metabolism pathways of NNK and NNN in rodents and 
primates are summarized in Fig. 1 (5,6, 19, 20). Urine is a major route 
of excretion of metabolites of both compounds; little or no unchanged 
NNK and NNN can be detected. The most useful metabolites as 
markers of uptake would be those which could not be formed from 
other constituents of tobacco products, notably nicotine which is at 
least 1000 times more abundant than NNK and NNN. Therefore, our 
initial focus has been on NNAL and NNAL-Gluc, which are metab¬ 
olites of NNK which retain the Af-nitroso group. The presence of these 
compounds in human urine could only result from uptake and/or 
endogenous formation of NNK or NNAL. Our studies of NNK me¬ 
tabolism in the Patas monkey indicated that both diasfereomers of 
NNAL-Gluq were formed and excreted in the urine (20). Since they 
appeared to represent a significant portion of the dose, we extended 
our studies to analysis of human urine (21). 

The method for analysis of NNAL and NNAL-Gluc in human urine 
is outlined in Fig. 2 (21). Ammonium sulfamate is added to the 
collection bottles to inhibit artifactual nitrosamine formation. Tests of 
this inhibitor have demonstrated that it is effective under our condi¬ 
tions of collection and analysis. In some analyses, we have omitted the 
inhibitor or have used NaOH; these alternate procedures had no 
significant effect on the levels of NNAL and NNAL-Gluc which were 
detected- Fraction 1 contains unconjugated NNAL, whereas Fraction 
2 contains NNAL released from its glucuronide. The released NNAL 
has been identified, as its TMS ether, by gas chromatography-mass 
spectrometry-selected ion monitoring. Quantitation is accomplished 
by GC-TEA, which is a detection system highly selective for nitro¬ 
samines. Typical GC-TEA traces from smokers’ and nonsmokers’ 
urine are illustrated in Fig. 3. The injection standard, nitrosoguvaeo- 
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line, and the silylation standard, 4-(methylnitrosamino)-4-(3-pyridyl)- 
1 -butanol, are used as aids to quantitation. The peak for NNAL-TMS 
has been detected in Fractions 1 and 2 from all smokers' urine 
samples which we have analyzed to date but not in nonsmokers, 
unless they were exposed to environmental tobacco smoke. Repre¬ 
sentative data from these analyses are summarized in Table 1 (21). 
One interesting feature was the 100-fold variation in the ratio of 
conjugated to free NNAL in smokers’ urine. The reasons for this 
variation and its significance with respect to other pathways of NNK 
metabolism are under investigation. 

These data represent the first quantitation of metabolites of tobac¬ 
co-specific nitrosamines in human urine. Mean levels of NNAL and 
NNAL-Gluc were 0.67 and 3.16 p.g/24 h, respectively. In four of the 
smokers, we had information on the levels of NNK in their cigarettes 
and the number of cigarettes smoked in the previous 24 h. From these 
data, we estimated that 39-101% of the dose was excreted as NNAL 
and NNAL-Gluc (21). This suggests that some individuals may me¬ 
tabolize NNK fairly extensively by pathways such as a-hydroxyla- 



Fig. 2. Analytical scheme for quantitation of NNAL and NNAL-Gluc in human urine. 
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Fig. 3. GC-TEA chromatograms of fraction 2 (Fig, 2) from a non-smoker (left) and a 
smoker (right), I.S., injection standard nitrosoguvacoline (NG) and silylution standard 
[4-< methylnitTosammoVM3-pyridyl)'1-butanol (iso-NNAL), as itsTMS ether]. 
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tion, as in the rodent and primate, white others may metabolize it 
exclusively by carbonyl reduction and glucuronidation. This requires 
further study. These data can also be used to estimate lifetime expo¬ 
sure of smokers to NNK. Based on the amounts of NNK in a cigarette, 
we have estimated that the lifetime exposure of a heavy smoker is 
about 1.4 mg/kg in 40 years of smoking 40 cigarettes per day (8). The 
smokers in Table I smoked an average of 23 cigarettes per day. Their 
lifetime excretion of NNAL + NNAL-Gluc in urine would be ap¬ 
proximately 1 mg/kg based on a daily intake of 40 cigarettes per day. 
Thus, the total dose of NNK to a heavy smoker is in the range of 1-1.4 
mg/kg, whether calculated based on the amount in mainstream ciga¬ 
rette smoke generated under standardized machine smoking condi¬ 
tions or based on the amount of its metabolites in urine. It is important 
to note that the lowest total dose of NNK shown to induce lung tumors 
in rats was 1.8 mg/kg (22). The similarity of the rat and human doses 
supports the role of NNK in lung cancer induction. However, there are 
apparently wide variations among individuals in their ability to me¬ 
tabolize NNK. it is these individual differences which are of greatest 
interest since they may be linked to cancer susceptibility. 


Hemoglobin and DNA Adducts of NNK and NNN 

The metabolic reactions leading to hemoglobin and DNA adduct 
formation are the a-hydroxylation pathways illustrated in Fig. 1 
(23—26). oc-Methylene hydroxylation of NNK produces intermediate 
9, which spontaneously decomposes to methanediazohydroxide (16) 
(see Fig. 1), This electrophile alkylates DNA and hemoglobin. 
a-Metbyl hydroxylation of NNK gives intermediate 10, which upon 
loss of formaldehyde generates the pyridyloxobutanediazohydroxide 
18. This diazohydroxide reacts with aspartate or glutamate in hemo¬ 
globin, forming ester adducts 22 (27). Hydrolysis of these adducts 
with mild base releases HPB, (26). DNA adducts are also formed by 
18. Acid hydrolysis of these adducts gives HPB. The production of 
HPB-releasing hemoglobin and DNA adducts by NNK in rats has 
been investigated (25-32): The pathway leading to pyridyloxobutyia- 
lion of globin and DNA also occurs in animals treated with NNN via 
a-hydroxyiation at the ’'-position to i2. a-Hydroxy!ation of NNN at 
the 5'-position is a known pathway of metabolism, but DNA and 
globin adducts arising in this way have not been characterized. 

Quantitation of hemoglobin or DNA adducts of NNK and NNN 
will provide data on the extents to which these metabolic activation 
pathways may occur in humans. The use of hemoglobin adducts as 
dosimeters of carcinogen exposure was first investigated by Ehren- 
berg and Osterman-Oolkar (33). Methodology has now been devel¬ 
oped and applied to assess human exposure to, and/or metabolic 
activation of, a number of carcinogens including ethylene oxide, 
aromatic amines, and PAH (34). Advantages of hemoglobin adducts 
as dosimeters are the relatively long lifetime of the erythrocyte in 
humans (approximately 120 days), which permits integration of dose 
over a somewhat extended period, and the relative ease with which 
useful quantities of hemoglobin can he obtained. Disadvantages in¬ 
clude the probable lack of direct relevance of the hemoglobin adducts 
to the carcinogenic process and the necessity to establish a predictable 
relationship of hemoglobin adduct levels to the biologically relevant 
DNA adducts. A more direct approach is the quantitation of DNA 
adducts, which has been attempted in numerous studies using tech¬ 
niques such as immunoassays, ’■p-postlabeling, fluorescence spec¬ 
troscopy, and GC-MS (35). The advantage of this approach is the 
relevance of some DNA adducts to carcinogenesis. However, DNA is 
difficult to obtain from target tissues in quantities sufficient for 
analysis, and the interpretation of adduct measurements can be con¬ 
founded by repair and other removal mechanisms. In spite of these 
limitations, quantitation of hemoglobin or DNA adducls can poten¬ 
tially provide information on human exposure to important DNA 
damaging intermediates produced by carcinogen metabolism. 

We have chosen HPB, released by hydrolysis of hemoglobin or 
DNA. as a dosimeter of NNK and NNN metabolic activation. HPB- 
releasing hemoglobin and DNA adducts can apparently only be 
formed from NNK, NNAL, and NNN. Thus, detection of HPB re¬ 
leased from hemoglobin or DNA can be traced specifically to these 
compounds. In contrast, methylation of hemoglobin and DNA is not 
a specific dosimeter, because methylation has many sources, includ¬ 
ing endogenous ones, leading to high backgrounds and potentially 
confounding interpretation of the data. Both the methylation and 
pyridyloxobutylation pathways of NNK metabolism have biological 
significance with respect to its carcinogenic activity; pyridyloxobutyl¬ 
ation is essential for NNN carcinogenicity (36). 

The quantitation of HPB, released by base hydrolysis of human 
hemoglobin, has been described (37,38). An HPB-enriched fraction is 
prepared by a series of partition steps. The HPB is derivatized as its 
pentafluorobenzoate and, after a HPLC cleanup step, the derivative is 
separated and detected by GC-NIC1-MS-SIM. Deuterated HPB is 
used as an internal standard. The method is sensitive with a detection 
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Fig. 4. GC-N1C1-MS-SIM traces of (A) HPB-pentafluorobtinzoatc and internal 
standard. [4„4-D,]HPB-pentafliK>fobenzoaie. from analysis of a smoker's hemoglobin. 


limit of approximately 0.1 fmol HPB-pentafluorobenzoate. A trace 
obtained from a smoker’s hemoglobin is presented in Fig. 4. 

Data obtained from completed or ongoing studies are presented in 
Fig. 5 (36-38). In nonsmokers, we have generally not observed levels 
of HPB-teleasing hemoglobin adducts which are significantly above 
background levels of the method (approximately 200 fmol/g hemo¬ 
globin). This is consistent with NNK and NNN being tobacco-specific 
nitrosamines. In three cases, however, elevated levels were observed 
suggesting exposure of these individuals to environmental tobacco 
smoke. This requires further investigation. In smokers, we have de¬ 
tected HPB-releasing hemoglobin adducts above background in ap¬ 
proximately 15—20% of the subjects. Hemoglobin adduct levels do not 
correlate with plasma cotinine or numbers of cigarettes smoked. Thus, 
the elevated levels in some people may relate to more efficient 
metabolic activation of NNK. or NNN in these smokers. Limited 
studies carried out to date on snuff-dippers indicate that they have 
generally higher levels of HPB-releasing adducts than do smokers. 
The factors governing higher hemoglobin adduct levels in some 
individuals require further research. 

Based on these data and on our experience with this assay, we can 
conclude that the pathway illustrated in Fig. 1, leading to pyridyl- 
oxobutylation of hemoglobin via the intermediate 18 (or a rclaled 
electrophile), exists in humans exposed to NNK and NNN. Our 
studies to date have confirmed that the published GC-NIC1-MS-S1M 
methodology is accurate and reproducible, giving a reliable quantita¬ 
tion of HPB in samples of base treated hemoglobin. However, there 
are questions to be answered. The mechanism of adduct formation in 
hemoglobin will be investigated to better define the origin and sig¬ 
nificance of the adducts. The kinetics of formation and removal of the 
adduct in humans will be determined to supplement what is already 
known in rats. The relationship between hemoglobin adduct levels and 
DNA adduct levels in a given individual will be assessed in future 
studies. In rats, a predictable but nonlinear relationship between 
hemoglobin adducts and DNA adducts in lung and liver has been 
observed (29). Data from these studies will facilitate interpretation of 
adduct levels determined in humans and may provide insights on the 
parameters which lead to high adduct levels in certain individuals. 
Properly designed epidemiological studies of tobacco use and cancer 
induction, which incorporate HPB-releasing hemoglobin adduct data, 
may provide insight on the possible relationship of adduct levels to the 
probability of cancer development. 

The methodology for determination of HPB-releasing DNA ad¬ 
ducts is similar to that used for hemoglobin adducts, except that the 
first step uses acid hydrolysis to release HPB (39). This method has 


not been applied widely in studies to dale, principally because DNA 
is more difficult to obtain in the required quantities (>1 mg). In one 
study. DNA adduct levels ranging from 3-49 fmol/mg DNA were 
found in smokers' trachea and peripheral iung, obtained at immediate 
autopsy. The amounts of HPB-releasing DNA adducts were higher in 
smokers than in nonsmokers (39). As in rats, levels of HPB-releasing 
adducts were higher in DNA than in hemoglobin when expressed per 
weight of macromolecule (29). These studies support the hypothesis 
that NNK or NNN is metabolically activated in humans to interme¬ 
diates which pyridyloxobutylate DNA in lung. 

Conclusions and Future Directions 

The research described here has provided a starting point toward 
our goal of understanding the metabolic activation and detoxification 
of tobacco-specific nitrosamines in humans. The uptake of NNK can 
now be assessed in a straightforward assay of two of its major 
metabolites, NNAL and NNAL-Gluc, in urine. Whether these metab¬ 
olites represent activation or detoxification pathways requires further 
investigation. NNAL is carcinogenic in rats and mice, inducing 
mainly tumors of the lung and pancreas, as observed for NNK (9,40). 
The carcinogenicity of NNAL-Gluc has not been determined. Never¬ 
theless, the levels of NNAL plus NNAL-Gluc in urine allow us to 
accurately estimate the minimum uptake of NNK by smokers, snuff- 
dippers, and individuals exposed to environmental tobacco smoke. An 
additional portion of the NNK will most likely be metabolized by 
a-hydroxylation in some individuals, leading to hydroxy acid 28 and 
keto acid 21 of Fig. 1. We are presently developing assays for these 
metabolites. It may be possible to decipher stereochemically the 
hydroxy acid produced from NNK or NNN versus that produced by 
metabolism of nicotine or cotinine. Other metabolites of NNK and 
NNN that may be promising as specific markers of metabolism 
pathways are the pyridine rV-oxtdes 1 and 2 and the hydroxyiated 
metabolites 4, 5, and 11 of Fig. 1. 

The levels of HPB-releasing adducts in the hemoglobin and DNA 
of people who use tobacco products should give an indication of 
internal dose and possibly of biologically relevant dose. However, as 
discussed in the previous section, there are uncertainties in the inter¬ 
pretation of these data which still need to be resolved. The amounts of 
hemoglobin or DNA adducts potentially will be a function of expo¬ 
sure plus metabolic activation. Since our data indicate that adduct 
levels are not directly related to exposure to NNK and NNN, the 
simplest assumption would be that higher hemoglobin or DNA adduct 
levels indicate higher levels of metabolic activation. However, it 
appears likely that there are other factors which influence the amounts 
of metabolically activated nitrosamine that actually reaches the he¬ 
moglobin or DNA of cells (41). For example, there may be transport 
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forms for the a-hydroxy or diazohydroxide intermediates formed in 
the metabolism of NNK or NNN (42, 43). The extent to which these 
transport forms reach red cells or target ceil DNA would influence the 
levels of adducts. 

We recognize that tobacco-specific nitrosamines are not the only 
carcinogens involved in cancer etiology related to tobacco products. 
PAH are likely to play an important role in lung cancer as well as in 
other upper aerodigestive tract cancers caused by smoking (4). Aro¬ 
matic amines are likely to be important in the induction of bladder 
cancer by cigarette smoke (4). Therefore, we hope to extend our 
analytical approaches to encompass biomarkers of exposure and up¬ 
take of these carcinogens. A great deal of work has been performed by 
several groups on biomarkers for these compounds (34, 35), and we 
hope to integrate components of the available methodology to produce 
a more global carcinogen biomarker assessment strategy. 

We plan to use these biomarkers in epidemiology studies as well as 
in chemoprevention trials. A major goal in epidemiology studies will 
be to determine individual risk for cancers associated with tobacco 
use. The identification of particularly susceptible individuals, perhaps 
due to their capacity to metabolically activate or detoxify tobacco 
carcinogens, is the main goal of these studies. Reliable biomarkers 
would al$o be extremely useful in chemoprevention trials. Our ongo¬ 
ing studies indicate that compounds found in vegetables, such as 
phenethyi isothiocyanatc, can block the metabolic activation of tobac¬ 
co-specific nitrosamines and can inhibit cancer development in rats 
and mice treated with NNK (44, 45). In parallel, phenethyi isothio- 
eyartate inhibits hemoglobin and DNA adduct formation by NNK in 
rats. It will be important to determine whether similar effects can be 
demonstrated in smokers. If so, this would provide a strong basis for 
more extensive trials of this chemopreventive agent. This approach 
can be visualized for a number of promising chemopreventive agents 
for which preclinical data are currently available. 
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